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Maternally supplied factors in fertilized eggs play essential roles in the establishment of primordial germ cells. In zebrafish, cytoplasm at
the distal ends of the first and second cleavage furrows has been assumed to contain germ lineage determinants, since maternal transcripts of
germ lineage-specific genes are localized to ends of the cleavage furrows. To investigate whether these parts of cytoplasm are required for
germ cell formation, we removed all four regions of the cytoplasm by glass capillary at the 4-cell stage. Histological analysis revealed that the
ablation of cytoplasm at the ends of the cleavage planes resulted in a severe reduction in the number of germ cells. In addition, the expression
of germ lineage markers was eliminated by cytoplasmic ablation. These results demonstrated that cytoplasm at the distal ends of cleavage
furrows is essential for germ cell formation. We also found novel localization patterns for zDazl and brul mRNAs along the cleavage planes.
Our findings provide the first direct evidence that localized cytoplasmic factors are indispensable for germ cell establishment in zebrafish.
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Germ cells are continuous from one generation to the
next and cause progeny. In most organisms, primordial germ
cells (PGCs) are set aside from somatic cells in early
development. How germ cell lineage is established in early
development has been investigated for several decades, and
it has been revealed that two major strategies exist
(reviewed in Extavour and Akam, 2003). One involves
zygotically expressed induction factors. Extracellular sig-
naling molecules, such as BMP4, BMP8b, and BMP2 in
mice, coordinately induce germ cell formation (reviewed in0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2003.12.013
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maternally supplied factors, in which ‘‘germ plasm’’ plays
a critical role for germ lineage development. The compo-
nents of germ plasm and the molecular mechanisms how
germ plasm contributes to germ cell formation are poorly
understood.
Germ plasm (also called pole plasm in Drosophila) is
defined as a substance present in the cytoplasm of gametes
which is inherited by a few (ACS) cells and determines the
fate of the PGCs (Eddy, 1975). Electron microscopic anal-
yses show that germ plasm usually contains non-enveloped
cytoplasmic inclusions with high electron density, called
germinal granules in anuran amphibians, polar granules in
Drosophila, and P granules in C. elegans (Czolowska, 1969;
Mahowald, 1962; Mahowald and Hennen, 1971; Strome
and Wood, 1982; Williams and Smith, 1971; Wolf et al.,
1983). Mitochondria and fibrils are also components of the
germ plasm, and are localized in the neighborhood of the
germinal granules. A number of experiments that selectively
disrupt the germ plasm have shown its role as a germ cell
determinant. Ultraviolet (UV) irradiation during the early
stages of development results in sterility or a significant
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1954; Hathaway and Selman, 1961; Ikenishi et al., 1974;
Poulson and Waterhouse, 1960; Zust and Dixon, 1975).
Physical removal of germ plasm has also been attempted;
embryos derived from eggs whose germ plasm is removed
at the early cleavage stages show a loss of germ cell
formation and severe sterility (Buehr and Blackler, 1970;
Gipouloux, 1971; Hegner, 1909; Librera, 1964), indicating
that maternally supplied materials are required for germ cell
formation. The ability of germ plasm to form germ cells has
also been shown by the transplantation of cellular compo-
nents from one embryo to another. Transplanted germ plasm
can generate functional germ cells in Drosophila (Illmensee
and Mahowald, 1974; Okada et al., 1974) and can increase
germ cell number in Rana (Smith, 1966; Wakahara, 1977)
and Xenopus (Ikenishi, 1987; Wakahara, 1978), suggesting
that germ plasm is sufficient for germ cell establishment.
The molecular mechanisms of germ cell determination in
Drosophila have been elucidated by genetic and develop-
mental approaches. Analyses of maternal effect mutations in
Drosophila have revealed that posterior group genes (e.g.,
vasa, nanos, oskar, etc.) are required for localization and
formation of polar granules (reviewed in Nusslein-Volhard
et al., 1987). vasa encodes a DEAD box RNA helicase
(Liang et al., 1994) and is required for the localization of
another posterior gene, nanos (Wang and Lehmann, 1991),
which encodes an RNA-binding zinc finger protein (Curtis
et al., 1995; Mosquera et al., 1993) and is a component of
polar granules that accumulate at the posterior pole (Sano et
al., 2001). Accumulation of Vasa and Nanos requires other
posterior group genes including oskar (Lehmann and Nus-
slein-Volhard, 1986). Thus, pole plasm and pole granule
formation proceeds in a stepwise fashion, in which some
genes are required for subsequent localization of other pole
plasm constituents. Several genes homologous to Drosoph-
ila vasa and nanos have been identified in vertebrates
including Xenopus (Elinson et al., 1993; Forristall et al.,
1995), zebrafish (Koprunner et al., 2001; Olsen et al., 1997;
Yoon et al., 1997) and mice (Toyooka et al., 2000; Tsuda et
al., 2003). The vasa- and nanos-related genes are expressed
in germ lineage cells in these organisms; however, the
depletion of either gene has no effect on PGC formation.
Rather, failure in the migration and subsequent proper
development of PGCs was observed when nanos3 was
depleted in mice (Tsuda et al., 2003), and when nanos1
was depleted in zebrafish (Koprunner et al., 2001). Daz-like
(Dazl) has been identified in various species, but only in
Xenopus has Dazl been shown to be a crucial constituent of
germ plasm (Houston et al., 1998). Xenopus dazl (Xdazl)
mRNA is expressed maternally and is localized to germ
plasm at the vegetal pole of fertilized eggs. Depletion of
maternal Xdazl transcripts leads to migration failure of germ
cells, which results in severe defects in PGC development in
tadpoles (Houston and King, 2000).
Since zebrafish vasa and nanos1 mRNAs are expressed
in the germ lineage, these genes are excellent markers toidentify germ cells (Koprunner et al., 2001; Olsen et al.,
1997; Yoon et al., 1997). Maternal transcripts of vasa and
nanos1 are localized to the distal ends of cleavage furrows
at the 2- and 4-cell stages. By the 32-cell stage, vasa mRNA
condenses into four subcellular clumps, which are segregat-
ed to four cells through the 1000-cell stage. vasa mRNA is
distributed throughout the cytoplasm at the late-blastula
stage, and is inherited by both daughter cells (Knaut et al.,
2000). The number of vasa-positive primordial germ cells
increases to approximately 30 during gastrulation. After the
blastula stage, zygotic expression of the vasa gene begins
(Knaut et al., 2000). nanos1 mRNA is localized and
expressed in a very similar manner to that of vasa during
early development (Koprunner et al., 2001). Two other
genes, H1M (Muller et al., 2002; Wibrand and Olsen,
2002) and dead end (Weidinger et al., 2003), are (ACS)
involved in germ cell formation in zebrafish. H1M mRNA is
restricted to PGCs after gastrulation, while dead end mRNA
is localized maternally at the ends of cleavage furrows at the
4-cell stage, as are vasa and nanos1. Recently, electron
microscopy has revealed that germinal granule-like struc-
tures are localized near the indented furrows at the 4-cell
stage, and vasa transcripts are embedded in these structures
(Knaut et al., 2000). Based on these morphological obser-
vations, the cytoplasm at the distal ends of cleavage furrows
is considered to contain germ lineage determinants in zebra-
fish embryos, although the requirement of the cytoplasm for
germ cell formation is not yet clear.
In this report, we show that ablation of the cytoplasm at
the distal ends of zebrafish cleavage furrows results in a
decrease in the number of PGCs. We also found that germ
line-specific gene expression was abolished by cytoplasmic
ablation. Furthermore, we found that vegetal pole-localized
factors zebrafish DAZ-like (zDazl) and bruno-like (brul)
mRNAs are also localized at the distal ends of cleavage
planes. These results suggest that maternal supply of germ
lineage determinants is a widely conserved strategy through-
out invertebrates and vertebrates.Materials and methods
Embryos
Wild-type zebrafish were purchased from a local shop
and maintained at 28.5jC in a 14-h light–10-h dark cycle.
Embryos were collected from natural spawning and cultured
in egg water (Westerfield, 1994). Embryonic stages were
represented hours post-fertilization (hpf) following Kimmel
et al. (1995).
Ablation of cytoplasm at the cleavage furrows in 4-cell
stage embryos
Approximately 5 Al of cytoplasm, at the ends of cleavage
planes at the 4-cell stage, was manually ablated from each
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glass capillary and an injection machine (IM300 Micro-
injector; NARISHIGE). We oriented the embryos to that the
animal pole was upward, and removed all the four sites of
cytoplasm at the ends of cleavage furrows in which vasa and
nanos1 mRNAs are localized. As a control, we ablated
cytoplasmic regions from each of four blastomeres that were
away from cleavage furrows.
Histological analysis
Histological analysis was performed essentially as de-
scribed (Nagai et al., 2001). Embryos were fixed at 8.5 days
post-fertilization (dpf) in Bouin’s fixative for 2 h, soaked in
80% methanol for overnight, dehydrated in a graded series
of butanol, and embedded in paraffin. Sections (8 Am) were
cut with an HM340E microtome (Zeiss) and stained with
hematoxylin and eosin. Sections were examined using
Axiophoto microscope (Zeiss).
Whole-mount in situ hybridization
In situ hybridization was performed as described by
Takeda et al. (1994), with the following modifications.
Embryos older than 24 hpf were treated with 0.003% 1-
phenyl-2-thiourea (PTU; Sigma) to prevent melanin pigment
formation. Hybridization solution consisted of 5  SSC, 50
Ag/ml heparin, 50 Ag/ml yeast tRNA, and 50% formamide.
For hybridization, embryos were incubated at 56jC for 18–
20 h with the RNA probe. Alkaline phosphatase activity was
detected with NBT and BCIP (Roche). vasa cDNA
corresponding to nucleotides (nt) 1299–1854 (Yoon et al.,
1997), nanos1 cDNA corresponding to nt 54-1060 (Koprun-
ner et al., 2001), and H1M cDNA corresponding to nt 110-
559 (Muller et al., 2002; Wibrand and Olsen, 2002) were
amplified by RT-PCR and cloned into pBluescript (Strata-
gene). Digoxigenin (Promega)-labeled probes for vasa,
nanos1, H1M, zDazl (Maegawa et al., 1999), and brul
(Suzuki et al., 2000) were prepared according to the suppli-
er’s instructions.
RNA injections
Full-length 3VUTR of zebrafish nanos1 corresponding to
nt 509–1168 (Koprunner et al., 2001) was amplified by RT-
PCR and cloned downstream of GFP cDNA in the
pCS2+vector (Rupp et al., 1994). Capped GFP-nos1 3VUTR
UTR mRNA was prepared by in vitro transcription using
SP6 polymerase (mMessage mMachine; Ambion) according
to the manufacturer’s instructions. mRNAwas suspended in
H2O at a final concentration of 0.1 mg/ml and injected into
one-cell stage embryos with a glass capillary and a micro-
injector (Narishige). The embryos were raised in egg water
at 28.5jC and were examined under a fluorescence stereo-
scopic microscope (Leica).Results
Cytoplasm at the distal ends of cleavage furrows is required
for germ cell formation
To assess whether maternally inherited substances in
zebrafish play important roles in germ cell formation, we
ablated the cytoplasm at the ends of cleavage furrows in
which vasa and nanos1 mRNAs are localized. Cytoplasmic
ablation was performed using a micromanipulator with a
glass capillary. Whole-mount in situ hybridization experi-
ments showed that we had effectively removed vasa and
nanos1 mRNAs from most of the embryos (Figs. 1B and E
compared with A and D, respectively), although a small
number retained residual signals (data not shown). As a
control, we ablated the four sites of cytoplasmic regions
other than the cleavage planes; this procedure did not affect
the signals of vasa and nanos1 mRNAs (Figs. 1C and F).
We next examined whether germ cells were lost by
histological analysis in the ablated embryos. Serial sections
to sagittal planes were prepared from 8.5 dpf larvae. PGCs
can be distinguished from somatic cells by their morpho-
logical features. Germ cells are large and round cells which
are localized posterior to the swim bladder and dorsal to the
pancreas and gut (Braat et al., 1999) (Fig. 2A). The total
number of PGCs in larvae after control ablation (Fig. 2D)
was between 27 and 63, approximately the same as number
in wild-type larvae which ranged from 24 to 60 (Table 1). In
contrast, only 3–19 PGCs were observed in larvae derived
from embryos whose cytoplasm at the ends of cleavage
furrows had been ablated (Fig. 2B and C; Table 1). In this
experiment, we did not find any PGC-like cells in positions
other than the genital ridge of the larvae, indicating that
ablation of the cytoplasm did not affect PGC migration.
These results suggest that the localized material at the 4-cell
stage is essential for proper PGC development.
We also ablated of cytoplasmic sites at the ends of
cleavage furrows from 2-cell stage embryos, and determined
the number of PGCs in 8.5-day larvae. The number of PGCs
was 36–51, comparable to the number in control embryos
(Table 1), suggesting that the elimination of maternal sub-
stances at the 2-cell stage is not enough to prevent germ cell
formation.
Expression of germ cell-specific markers is abolished by
ablation of cytoplasm at the ends of cleavage furrows
We next examined the expression of germ cell-specific
markers after ablation. We first performed in situ hybrid-
ization, using the vasa gene as a marker. vasa expression
was detected near the fifth somites in non-treated embryos at
24 hpf (Olsen et al., 1997; Yoon et al., 1997) (Fig. 3A).
After cytoplasmic ablation at the ends of cleavage furrows,
the signal for vasa mRNA disappeared from most embryos
(Fig. 3B). On the other hand, no reduction in vasa mRNA
was observed in the control embryos (Fig. 3C). We then
Fig. 1. Ablation of cytoplasm from the ends of cleavage furrows. (A–C) Maternal vasa transcripts are successfully ablated. Whole-mount in situ hybridization
was performed in 4-cell stage embryos with antisense probes specific to vasa. All panels show animal pole views of embryos. (A) Maternal transcripts of vasa
are localized to the distal ends of each cleavage furrow. (B) All the four sites of the cytoplasm at the ends of cleavage furrows were manually ablated by glass
capillary. Localized vasa mRNA was removed. (C) As a control, cytoplasmic regions other than the cleavage furrows were ablated from each blastomere.
Localized mRNA remains at the cleavage planes. (D–F) Maternal nanos1 transcripts are successfully ablated. mRNAs were detected with riboprobes specific
to nanos1. (D) nanos1mRNAs are localized in the same pattern as vasa. (E) Successful removal of nanos1 transcripts was achieved by ablation of cytoplasm at
the ends of cleavage planes. (F) In the control experiment, nanos1 mRNA also remains. Schematic diagrams of each procedure are shown in the upper row; red
ellipsoids represent the cytoplasm containing maternal mRNAs of vasa and nanos1.
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after cytoplasmic ablation (Fig. 3J). At 24 hpf, ablation of
cytoplasm at the ends of the cleavage furrows completely
eliminated the vasa mRNA signal in 34 embryos, while
weak residual signals remained in three embryos and almost
normal signals in a further five. In the control ablations, all
of the embryos expressed vasa mRNA, with only oneFig. 2. Loss of morphologically identified primordial germ cells in ablated embryo
stained with hematoxylin and eosin. All panels are shown as sagittal sections with
features, such as large size, round shape, and weak staining by hematoxylin, and
cells were almost always absent in larvae derived from embryos of from which cy
shown, no PGCs can be observed. (C) A section from the same larva shown in (B)
(D) In control embryos, germ cells were observed; number, location, and featuresshowing partial loss of vasa expression. Thus, complete
loss of the germ lineage marker occurred in about 80% of
ablated embryos. Essentially, the same results were obtained
when vasa expression was examined at 12 hpf (data not
shown).
We also examined two other germ cell markers, nanos1
and H1M. It has been reported that the expression pattern ofs. At 8.5 days after ablation, serial sections of the larvae were prepared and
anterior at the left. (A) Germ cells can be identified by their morphological
by their location just posterior to the swim bladder (arrowheads). (B) Germ
toplasm at the ends of cleavage furrows have been removed. In the section
. A small number of PGCs with normal features were observed (arrowhead).
are normal (arrowheads). g: gut, sb: swim bladder, p: pancreas, m: muscle.
Table 1
Number of PGCs in embryos during ablation experiments
Procedure Number of PGC Average
WT 24, 28, 32, 34, 38,
41, 44, 45, 51, 60
(35.9)
Ablated cytoplasm other than
cleavage furrows (4-cell)
27, 36, 43, 62, 63 (46.2)
Ablated cytoplasm at ends of
cleavage furrows (4-cell)
3, 3, 6, 19, 19 (10.0)
Ablated cytoplasm at ends of
cleavage furrows (2-cell)
36, 36, 50, 51 (43.3)
Note. Each larva was fixed at 8.5 dpf, sectioned, and the number of PGCs
was counted.
Fig. 3. Loss of PGC-specific gene expression in ablated embryos. All
panels show lateral views of embryos. (A–C) Cytoplasmic ablation from
the ends of cleavage furrows led to the abolition of vasa expression. Whole-
mount in situ hybridization was performed in 24-hpf embryos with
antisense probes to vasa. (A) vasa-expressing cells are located at the
boundary between yolk ball and yolk tube. (B) Ablation of cytoplasm from
the four sites of cleavage furrows at the 4-cell stage resulted in the loss of
vasa expression. (C) In the control experiment, the vasa expression signal
was retained in the normal region of the embryo. (D–F) Cytoplasmic
ablation led to the abolition of nanos1 expression. Whole-mount in situ
hybridization was performed in 30-hpf embryos with antisense probes to
nanos1. (D) nanos1-expressing cells are located in the same region as vasa.
(E) Ablation of cytoplasm from the ends of cleavage furrows also resulted
in the loss of nanos1-expressing cells. (F) nanos1 expression was not
affected in the control experiment. (G–I) Cytoplasmic ablation led to the
abolition of H1M expression. Whole-mount in situ hybridization was
performed in 12-hpf embryos with an antisense probe to H1M. (G) H1M
expression is restricted to the region of the third to fifth somites. (H)
Ablation of cytoplasm at the ends of cleavage furrows results in the loss of
H1M-expressing cells. (I) H1M expression was not affected in the control
experiment. (J) vasa expression was abolished in almost 80% of the
operated embryos. The number and percentage of embryos in each
procedure are shown.
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whereas maternal H1M transcripts are not localized at the
distal ends of cleavage furrows (Muller et al., 2002;
Wibrand and Olsen, 2002). We confirmed that these markers
were expressed in the PGCs of non-treated embryos
(Koprunner et al., 2001; Muller et al., 2002; Wibrand and
Olsen, 2002) (Figs. 3D and G). In contrast, we found that
cytoplasmic ablation at the ends of cleavage furrows
resulted in the loss of nanos1 and H1M mRNAs in most
embryos (Figs. 3E and H). Although these embryos lost
expression of the germ cell-specific genes, we did not find
any other developmental defects, and expression patterns of
other genes, including krx-20 (Oxtoby and Jowett, 1993), ntl
(Schulte-Merker et al., 1994), and MyoD (Weinberg et al.,
1996), were normal (data not shown).
We next focused on germ lineage-specific expression of
gfp fused to the nanos1 3VUTR. Injection of mRNA of this
construct (GFP-nos1-3VUTR RNA) into 1-cell stage embry-
os results in the specific expression of GFP protein in germ
line cells (Koprunner et al., 2001) (arrow in Fig. 4B),
enabling us to use GFP-nos1-3VUTR as a marker. After
injecting GFP-nos1-3VUTR mRNA into 1-cell stage embry-
os, we raised them until the 4-cell stage and then ablated the
cytoplasm at the end of cleavage furrows (Fig. 4A). Cyto-
plasmic ablation abolished GFP fluorescence in 24-hpf
embryos, whereas control ablation of other regions did not
(Figs. 4C and D). These results indicate that maternal
components localized in the cytoplasm at the distal ends
of cleavage furrows are essential for expression of germ
lineage-specific markers.
To examine germ cell formation at earlier stage in
development, we detected vasa-positive cells at the sphere
stage. At this stage, zygotic expression of vasa mRNA
begins and, accordingly, four clusters of PGCs are observed
(Olsen et al., 1997; Yoon et al., 1997) (Fig. 5A). When we
ablated the cytoplasm at the distal ends of cleavage furrows,
no PGC clusters appeared at the sphere stage, suggesting
that maternal factors at the ends of cleavage furrows are
required for PGC-specific vasa transcription (Fig. 5D).
Moreover, ablation of only one region of cytoplasm at the
end of cleavage furrows of 4-cell stage embryos resulted in
the appearance of only three PGC clusters (Fig. 5B); when
two regions of cytoplasm were ablated, two clusters failed to
Fig. 4. Loss of GFP-nos1 3VUTR-positive cells in ablated embryos. (A) GFP-nos1 3VUTR RNA (represented in yellow) was injected into 1-cell embryos. The
embryos were raised to the 4-cell stage and the cytoplasm at the ends of cleavage furrows was then ablated. (B–D) Cytoplasmic ablation from the ends of
cleavage furrows led to loss of GFP expression in germ cells. (B) GFP-nos1 3VUTR RNAs were specifically expressed in the PGCs. (C) PGC-specific GFP
fluorescence was not detected in embryos from which cytoplasm at the ends of cleavage furrows had been removed at the 4-cell stage. (D) In the control
embryos, no loss of GFP expression occurred.
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cell stage sites can produce germ cells independently.
Maternal zDazl and brul mRNAs are localized at the ends of
cleavage planes in 4-cell embryos
Our results indicate that cytoplasm at the ends of cleav-
age furrows contains critical components of germ cell
formation. To date, vasa, nanos1, and dead end mRNAs
are the only factors known to be localized in these regions.
To identify additional factors that are required for germ cell
formation, we examined expression patterns of other genesFig. 5. Germ plasm located at each site contributes independently to germ cell form
ablated in 4-cell-stage embryos, which were fixed at the sphere stage and subjected
show animal pole views of embryos. (A) Four-cell clusters of PGCs are observed
from one-site-ablated embryos. (C) Two clusters were lost in the two-site-ablatedand searched for novel factors localized at the distal ends of
cleavage furrows. Since XDAZL is one of the germ plasm
components in Xenopus embryos (Houston and King,
2000), zDazl, the zebrafish homolog of Xdazl, is one of
the candidates for such localized factors. zDazl mRNA was
previously reported as a factor localized at the vegetal pole
of zebrafish embryos (Maegawa et al., 1999) (Fig. 6B,
arrow). By careful re-examination, we found that maternal
zDazl mRNA was also localized at the distal ends of
cleavage furrows at the 4-cell stage (Figs. 6A and B,
arrowheads). At the sphere stage, zDazl mRNA was
expressed in a four-cluster pattern (Fig. 6C) which is similaration. One or two sites of the cytoplasm at the ends of cleavage planes were
to whole-mount in situ hybridization with a vasa-specific probe. All panels
in sphere-stage embryos. (B) One cluster was lost in the specimen derived
embryos. (D) No clusters were present in the four-site-ablated embryos.
Fig. 6. zDazl and brul mRNAs are maternally localized at the ends of cleavage planes and are expressed in presumptive PGCs. (A–C) zDazl expression was
detected by whole-mount in situ hybridization with a riboprobe specific to zDazl. (A) Maternal transcripts of zDazl were localized to the distal ends of the
cleavage planes (arrowheads) in the 4-cell stage. (B) Lateral view of the same embryo shown in A. zDazl mRNA is localized to the vegetal cortex (arrow) as
well as the cleavage furrows. (C) zDazl mRNAs were concentrated in four cell clusters (arrowheads) in the sphere-stage embryo. Weaker signals were detected
in all blastomeres. (D–F) mRNAs were detected with a riboprobe specific to brul. (D) Maternal transcripts of brul were localized at the distal ends of the
cleavage planes (arrowheads) in the 4-cell stage. Aweak signal was detected in the blastomeres. (E) Lateral view of the same embryo shown in D. brul mRNA
is also localized to the vegetal pole (arrows). (F) brul mRNAs were concentrated in four-cell clusters (arrowheads) in the sphere-stage embryo, with a
ubiquitous weaker signal in the blastomeres.
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et al., 1997; Yoon et al., 1997), implying that zDazl is
expressed in the PGCs. This novel localization pattern for
zDazl led us to predict that another vegetal pole-localized
factor, brul (Suzuki et al., 2000), might also be localized at
the ends of cleavage planes. In situ hybridization revealed
that maternal transcripts of brul are localized at the ends of
cleavage furrows as well as at the vegetal pole (Figs. 6D and
E). We also found that brul mRNA-containing cells formed
four clusters in the sphere stage, although residual mRNAs
in all blastomeres were observed (Fig. 6F). These results
suggest that zDazl and brul are involved in germ cell
development during embryogenesis in zebrafish.Discussion
In the present study, we ablated cytoplasmic substances
from early-stage zebrafish embryos to assess the signifi-
cance of maternally localized factors in germ cell formation
of this organism. We found that embryos lacking maternally
supplied factors at the distal ends of cleavage furrows at the
4-cell stage showed a decrease in the number of morpho-
logically identified germ cells. In addition, germ line-spe-
cific expression of vasa, nanos1, H1M, and GFP-nos1-3VUTR RNAs was abolished by cytoplasmic ablation. These
findings are the first direct evidence that maternally
inherited substances play essential roles in germ lineage
determination in fish. We also showed that zDazl and brul
mRNAs are localized at the cleavage furrows, suggesting
that these factors participate in germ lineage determination
in zebrafish embryos. The significance of maternally sup-
plied factors in germ lineage establishment and these novel
candidate germ plasm constituents are discussed below.
A number of classical experiments in Drosophila and
Xenopus embryos, including physical ablation of cytoplasm
and UV irradiation of restricted sites, have demonstrated
that germ plasm is localized to restricted regions of the
fertilized eggs (reviewed in Eddy, 1975). There are several
lines of evidence supporting the existence of maternally
supplied germ plasm constituents in zebrafish eggs. First,
maternal vasa mRNAs, which are expressed throughout the
germ lineage, are localized at the ends of the first and
second cleavage furrows (Olsen et al., 1997; Yoon et al.,
1997). Second, maternal mRNAs of two other germ lineage-
specific genes, nanos1 and dead end, are also localized to
the same sites in the early embryo (Koprunner et al., 2001;
Weidinger et al., 2003). Third, electron microscopic struc-
tures, which resemble nuage in other organisms, are also
found at the same parts of zebrafish embryos, and transcripts
Y. Hashimoto et al. / Developmental Biology 268 (2004) 152–161 159of the vasa gene are embedded in these structures (Knaut et
al., 2000). From such observations, it is thought that these
cytoplasmic sites function as the germ plasm in zebrafish,
although no direct evidence has been reported. We showed
that ablation of the cytoplasm at the ends of cleavage
furrows resulted in the decrease in the number of PGCs
(Fig. 2) and in germ line-specific gene expressions (Figs. 3
and 4). These results indicate that cytoplasm at the ends of
cleavage furrows is essential for PGC development, and
strongly suggest that these regions of the cytoplasm indeed
act as functional germ plasm in zebrafish embryos.
To understand the molecular mechanism of PGC forma-
tion in zebrafish, it is important to identify localized factors
at the ends of cleavage furrows in the 4-cell stage embryos.
In the present study, we found that zDazl mRNA is localized
to the distal ends of cleavage furrows as well as to the
vegetal pole in the 4-cell stage embryos, and also in
predictive PGCs at the sphere stage (Figs. 6A–C), implying
that zDazl is involved in zebrafish germ lineage develop-
ment. Since Xdazl, an ortholog of zDazl in Xenopus, is
localized to germ plasm and is required for proper migration
of PGCs (Houston and King, 2000), members of the Daz
family are likely to have a conserved function in germ cell
development. We also show that brul mRNA is localized to
the distal ends of cleavage furrows, and expressed in a four-
cluster pattern at the sphere stage that is reminiscent of
PGCs (Figs. 6D–F). Drosophila Bruno acts as a transla-
tional repressor to generate a posterior localization pattern
for Oskar protein, which can assemble constituents required
for germ cell formation (Ephrussi and Lehmann, 1992;
Smith et al., 1992). The zebrafish Bruno homolog Brul
may also function as a translational repressor, preventing
germ line determinants from precocious expression during
the early stages of embryonic development. So far, all
candidate germ plasm constituents are mRNAs, and all of
them encode RNA-binding proteins. Therefore, the discov-
ery of maternal proteins, rather than mRNAs, localized at
the ends of cleavage furrows should provide an essential
clue to elucidate germ cell specification.
Maternal transcripts of some genes that are specific to
germ lineage are not localized at the ends of cleavage
planes. For example, H1M is expressed in PGCs, although
its transcripts are present in all of the blastomeres at the 4-
cell stage but not at the ends of cleavage furrows (Muller et
al., 2002; Wibrand and Olsen, 2002). This implies that H1M
plays roles not in the establishment of germ lineage, but in
the proper maintenance of PGCs. Analysis not only of
maternal factors but also of the regulation of zygotic
expression in PGCs is required for a comprehensive under-
standing of PGC development.
In the present study, depletion of cytoplasm from all four
sites at the 4-cell stage led to the failure of normal PGC
development (Figs. 2–4), suggesting that assembly of germ
plasm, which contains maternal mRNAs, occurs during the
first and second cleavage formation. However, some accu-
mulation might occur after the third cleavage formation,producing a few PGCs. Indeed, we failed to obtain larvae
that did not possess any PGCs (Table 1). Contrary to the
case of ablation at the 4-cell stage, the ablation of cytoplasm
from two sites of the cleavage furrows at the 2-cell stage did
not cause significant reduction in the number of PGCs
(Table 1), suggesting that accumulation of sufficient func-
tional germ plasm occurs not only during the first cleavage
formation but also during the second.
Our findings also suggest that zebrafish employ a similar
strategy for germ cell development to Drosophila and
Xenopus, which require maternal localized factors, and that
this strategy is evolutionarily conserved. In medaka (Ory-
yzias latipes), however, an alternative strategy may be
employed: mRNA of the medaka vasa-like gene olvas is
present in all blastomeres from the cleavage stage to the
blastula stage (Knaut et al., 2002; Shinomiya et al., 2000).
olvas transcripts are evenly distributed in the cytoplasm in
these stages. At later stages of gastrula, olvas mRNA is
barely detectable in all but few cells. These olvas-expressing
cells differentiate into germ cells during embryonic devel-
opment. The expression pattern of olvas suggests that
zygotic regulation is required for PGC formation in medaka
embryos. The different expression patterns of vasa-related
genes between zebrafish and medaka are reflected in differ-
ent 3V UTR sequences in vasa-related genes (Knaut et al.,
2002). It is possible that strategies for germ cell formation
vary from one species to another in fish, in the same way
that anuran and urodele employ different pathways in PGC
formation (Johnson et al., 2001; Wakahara, 1996). Further
studies, including cytoplasmic ablation and ultrastructural
analysis, in early medaka embryos should elucidate how
these organisms establish germ cell lineage.Acknowledgments
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